The Left right symmetric model may present evidence of new physics at the LHC era. We use its framework to investigate the lepton number violating signal of like-sign dileptons and two jets at the 14 TeV LHC, i.e., pp → e ± e ± jj + X. We demonstrate that for an integrated luminosity of 300 fb −1 , the right-handed boson W R together with the right-handed electron neutrino N e could be observed if their masses are smaller than 5.2 TeV and 3.6 TeV, respectively. For a doubly-charged Higgs δ ±± R of 500 GeV, for instance, the discovery range can be somewhat pressed to 5.3 TeV for W R and 4 TeV for N e . We point out that the contribution of δ ±± R
±± R
to the e ± e ± jj signal for a luminosity of 300 fb −1 can be detected for a doubly charged Higgs mass which is lower than M δ ±± R
TeV.
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The main goal of the LHC is to search for signals of new physics beyond the Standard Model (SM), motivated by the shortcomings of the SM. In particular, The SM is incapable of explaining a number of fundamental issues, such as the hierarchy problem (resulting from the large difference between the weak force and the gravitational force), dark matter and the number of families in the quark and lepton sector. It is, therefore, widely believed that new physics beyond the SM will be discovered in the coming years. Among the possible attractive platforms for new physics are left-right symmetric models (LRSM) [1, 2] .
The LRSM addresses two specific shortcomings of the SM: (i) Parity violation in the weak interactions, and (ii) non-zero neutrino masses implied by the experimental evidence of neutrino oscillation [3] . In particular, the left-right symmetry which underlies LRSM restores Parity symmetry at energies appreciably higher than the electroweak scale, resulting in the addition of three new gauge boson fields, W R1,2,3 . Furthermore, in LRSM the neutrinos are massive and their nature (i.e., whether they are of Majorana or 1. detect the right handed gauge boson W R , 2. trace the see-saw mechanism and the Majorana nature of the neutrino by detecting a heavy right handed neutrino, which is associated to the spontaneous left-right symmetry breaking scale by its heavy mass.
3. establish the existence of the charged Higgs bosons and further confirm the Higgs triplet nature.
We investigate this signal at the 14 TeV LHC in the framework of the MLRSM. We use for this purpose a computerized model implementation file developed by us in a former work [8] . Former studies of the like sign dilepton signal within the LRSM focused on a Drell-Yan production of a right handed neutrino and a lepton via an schannel production of W R , followed by its decay through W R to a second same sign lepton and two jets, i.e. ud → W + R → N l + followed by N → W − * R l + → jjl + (for positively charged leptons) [9, 10, 11] . In the present work, we extend these studies by including all possible diagrams and analysing the dominant contributions among the possible MLRSM amplitudes leading to this signature, including the doubly charged Higgs mediated channel ud → W + R → W − R * δ ++ R * → l + l + jj 2 . Indeed we find that within some range of the available LRSM parameters, the doubly-charged Higgs contribution can significantly contribute to the process pp → e ± e ± jj + X.
The work is organized as follows. In section 2 we describe the the LRSM Lagrangian structure. In section 3 we briefly summarize the constraints on the W R mass and the doubly charged Higgs, as well as on known Yukawa matrix elements. In section 4 we check, in the framework of the LRSM, the effects of the leading first order terms which contribute to electroweak precision quantities. We show that the radiative corrections calculated using the benchmark parameter taken in this work are small enough to remain within the current precision electroweak data. In section 5 we investigate (again, using the same benchmark parameter set) the like-sign dilepton plus two jets signal. We analyse in that section the signal versus the possible SM background, by reconstructing the heavy gauge boson W + R , the right handed electron neutrino N e and the doubly charged Higgs δ ++ R , and examining the discovery potential of these particles. Finally, in section 6, we summarize.
General model description
The Lagrangian of the MLRSM at tree level can be divided into four terms:
The L kinetic part contains the interactions between fermions and gauge bosons which are invariant under SU (3) C × SU (2) L × SU (2) R × U (1) B−L . In particular, the fermionic kinetic terms take the following form
2)
The appropriate coupling constants of the G a µ , W L,R µ and the B µ fields are g s , g L,R and g = g B−L , respectively. The requirement that the Lagrangian is invariant under the left-right symmetry
leads to
The gauge bosons kinetic terms and inner interactions are where G a µν , W i L,Rµν and B µν are the field strength tensors of the SU (3) C , SU (2) L,R gauge fields and the U (1) B−L gauge field, respectively. They are defined as follows:
(a, b, c = 1..8)
where f abc and ε ijk are the structure constants of the SU (3) C and SU (2) groups, respectively.
The Yukawa interactions part, L Y ukawa , consists of the most general possible couplings of the Higgs multiplets to bilinear fermion field products which form singlets under SU (2)
Yukawa matrices in flavor space. The Higgs Lagrangian term consists of the Higgs kinetic terms and the potential of the Higgs multiplets:
where Θ i = {φ, ∆ L , ∆ R }. As mentioned above, the covariant derivatives for the Higgs multiplets are given in the adjoint representation. Under the SU (2) L × SU (2) R × U (1) B−L symmetry they are given by
After spontaneous symmetry breaking (SSB) in the Higgs sector, the charged and neu-tral gauge bosons acquire masses through the kinnetic terms in Eq.(2.8).
LRSM Constraints and parameter settings
The currently most stringent lower bound on the mass of W R is obtained from the K L − K S mass difference, to be M W R ≥ 2.5 TeV [13] (direct collider bounds on M W R , although competitive with this indirect one, are less stringent 3 ). As for the masses of the heavy neutrinos: these are constrained by vacuum stability, which leads to the following higher limit on the heavy Majorana neutrino masses [15] :
If the right handed neutrinos of all three generations have the same mass, then from Eq.(3.1) M N M W R . Here we will always use M N < M W R . There is also a lower limit on heavy neutrino masses derived from direct searches for pair production of neutral heavy leptons and a single production of excited neutral leptons. These searches result in a lower limit of 90 GeV for a heavy Majorana neutrino mass [16] 4 . Let us briefly mention at this point the most stringent experimental limits on the right handed and left handed doubly charged Higgs masses 5 . These limits where obtained by direct searches for a signal of pair-produced "left handed" states δ ±± L and "right handed" states δ
, in which an excess in likesign dileptons was examined [19] . In particular, the currently most stringent bound on the mass of δ ±± L is 551 GeV, assuming a 100% branching ratio to e ± e ± pairs. For δ ±± R the limit is 438 GeV and is obtained assuming a 100% branching ratio to µ ± µ ± pairs. These bounds do not necessarily apply for the parameter choice in the analysis performed in this work. For instance, assuming a relatively more realistic scenario, in which BR(δ
(as in the case of M Ne = M Nµ = M Nτ where the δ ±± R decays evenly to e ± e ± , µ ± µ ± and τ ± τ ± , see sec. 5 7 ), gives a more flexible bound of M δ ±± R > 320 GeV. Finally, we note that the corresponding lower bounds which come from the single production of a doubly charged Higgs is substantially lower: 141 GeV [20] 8 .
3 A search for excess in the SM background of two reconstructed leptons and at least one hadronic jet gives a lower limit of M W R > 2.3 TeV [14] . 4 There is also an indirect lower bound derived from the neutrinoless double beta decay half-life of Ge, namely M Ne > 63 GeV
. 5 For a theoretical analysis of the LRSM Higgs mass spectrum see [18] . 6 The terms "left handed" and "right handed" come from the chirality (left or right) of the weak isospin T 3 coupled to the doubly charged Higgs:
The doubly charged Higgs boson appearing in the signal examined in this work is right-handed. The relevant coupling to its left handed counterpart vanishes.
We now turn back to theoretical bounds on the electroweak scale Higgs VEVs. After SSB, the Higgs bidoublet VEVs k 1 and k 2 constitute the up-and down-type quark Yukawa mass terms, giving (see Eq. (2.7))
Assuming there is no fine tuning involved, and considering the fact that the top quark is much heavier than the bottom quark, one can conclude that k 1 and k 2 are not of the same order (and neither are h L andh L ). We, therefore, use k 1 k 2 (and h L h L ) (see also [22] ). This setting also satisfies a theoretical bound on the charged gauge boson mixing angle which can be derived from the Schwarz inequality [23] :
which, for m W R > 2.5 TeV (see [13] and discussion above), implies |ξ| < 0.00103).
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Let us turning now to the heavy non-SM neutral Higgs particles H 
, where v R is the VEV of the right Higgs triplet (v R ∝ M W R ) and α 3 is one of the Higgs potential parameters. The bound on these masses is derived from LRSM flavor changing neutral current contributions to Kaon mixing shown in Fig. 1 . The corresponding Kaon mass splitting is given by 
The observed mass splitting is, however, already generated by the SM box diagrams, so that the LRSM contributions (part of which contains the Higgs exchanges in Fig. 1) should be controlled. The corresponding bounds were calculated in [5] : 
Setting for instance the Higgs bidoublet VEV to k 1 246.22, (k 2 = √ 246.22 2 − k1 2 ) and the Higgs potential parameter α 3 = 3.6, yields M W R ≥ 3.5 TeV. This setting is in fact used in section 5 to explore the like-sign dilepton signal in the LHC. It should be noted that a larger value of the (lower) bound on the heavy neutral Higgs masses would lead to a larger value of α 3 , if one requires W R to have a mass of order of a few TeV (i.e., within the reach of the LHC), and thus α 3 may become non-perturbative. Based on our result in the next section, we take the maximum mass of an LHC-probed W R to be ∼ 5.3 TeV, which leads to a lower bound on α 3 from Eq. (3.6): α 3 1.57, well within the perturbative regime.
Let us point out that taking into account the above mentioned experimental lower and higher bounds for the doubly charged Higgs δ ±± R and for the right handed W R , respectively, one can also obtain a lower bound on the potential parameter ρ 2 from the mass expression of the right handed doubly charged Higgs, given by (see [25] ):
A lower bound on ρ 2 is then given by
where (M W R ) max and M δ ±± R min are the aforementioned experimental bounds 10 . In addition, one has to consider the upper bound (α 3 ) max beyond which α 3 is no longer within the perturbative regime. This is illustrated in Fig. 2 , where we give a contour plot of the mass of the right handed doubly charged Higgs δ ±± R in the α 3 −ρ 2 plane (a similar plot for the left handed δ ±± L is shown in [27, 28] ). In the plot, we set (α 3 ) max = 4.5, which can be justified by observing that 
The Yukawa matrix h M can be expressed in terms of the neutrino mass matrices and 12 A possible alternative to the above scenario is to take (M H 0
TeV. This will result in elevating the α 3 exclusion bound to 3. In that case, setting e.g. α 3 = 5 (i.e. still within the perturbative regime) will allow for M W R ≥ 4.1 TeV, thus meeting the Higgs bound in [29] for the relevant range of M W R .
CKM type mixing matrices (assuming, for simplicity, a manifest LR symmetric model):
where K R is a CKM-type mixing matrix in the lepton-sector and M ν diag is the 6 × 6 neutrino diagonal mass matrix (see [25] ). The constraints on the matrix elements of h M originate from different experimental processes, as shown in Table 1 [30] 13 . All of the constraints discussed in this section are implemented in the benchmark parameter set of the present work (see Appendix A), and are included in the cross section plots.
Constraint source Constraint
µ →ēee h M eµ · h M ee 3.2 × 10 −11 GeV −2 · M 2 H ++ R Bhabha scattering h M 2 ee 9.7 × 10 −6 GeV −2 · M 2 H ++ R Extra coupling to (g − 2) µ h M 2 µµ 2.5 × 10 −5 GeV −2 · M 2 H ++ R Muonium (µ + e − ) transformation h M 2 µµ 5.8 × 10 −5 GeV −2 · M 2 H ++ R to anti-muonium Non-observation of µ → eγ decay h M eµ · h M µµ 2 × 10 −10 GeV −2 · M 2 H ++ R Vacuum stability h M ee , h M µµ 1.2
Oblique corrections and precision measurements in the LRSM
Apart from the fermion masses, the CKM-mixing angles and the Higgs mass, the EW sector of the SM has three fundamental parameters: the gauge coupling constants g and g and the Higgs VEV v. These parameters are conventionally replaced by parameters which can be directly measured in physical processes, where a specific choice of experimentally measured input parameters defines a normalization scheme. 13 For a more recent discussion on neutrino mixings, see [31] .
One natural choice, replacing g, g and v, would be the fine structure constant and the gauge-boson masses α, M W and M Z (i.e., disregarding for now the fermion and SM Higgs masses m f and m H ). The Fermi constant can then be calculated in terms of α, M W and M Z , yielding at tree-level:
where all the above quantities had been measured with extreme accurately [32] :
When radiative corrections are included, Eq. 4.1 is modified as follows (see e.g., [33] ):
where ρ is fixed to its tree-level value, ρ tree = 1, such that sin
, which is the on-shell definition of the EW mixing angle. Thus, Eq. 4.3 provides a useful relation between the EW gauge-boson masses, the fine structure constant and the Fermi constant, which by itself is linked to the muon lifetime.
The EW precision parameter ∆r (first calculated by Sirlin [34] ), collects the quantum corrections to the muon decay process and it plays an important role in placing bounds or searching for new physics that couples to the SM fields. In particular, it is given by:
is the on-shell renormalized W-boson self-energy, which accounts for the universal ("oblique") part of the EW radiative corrections to the muon decay. The corrections which are non-universal (i.e., process-dependent) constitute the non-leading term ∆r vert,box . In particular, the experimental values for M Z , M W , G F and α can be used as an input for the evaluation of the experimental value ∆r exp . Plugging the corresponding central values (shown in Eq. (4.2)) into Eq. (4.3), we obtain 14 :
Another useful precision parameter, known as the δρ-parameter, which is also very accurately measured (ρ = G NC G F = 1 + δρ), is defined through the ratio between the neutral and charged weak currents as [33] : 6) so that δρ = 0 is caused by mass splitting between partners of a given weak isospin doublet, therefore, tracing the degree of departure from the global custodial SU (2) invariance of the SM Lagrangian. In particular, in the SM it is dominated by the top-quark loops, giving [35] :
Unlike the above quadratic top quark mass contribution to δρ, the Higgs contribution to δρ in the SM is "screened" leading to a milder logarithmic behaviour 15 [36] :
where
. This logarithmic behaviour of the SM Higgs contribution to δρ does not hold when extended Higgs sectors are involved, as will be shortly shown for our case of the LRSM 16 .
14 Since the quantities G F and α are known to extreme accuracy, measuring ∆r and its uncertainty are equivalent to measuring the masses and uncertainties of the W and Z bosons. 15 It should be noted that the Higgs boson contribution to δρ in Eq. 4.8 is not gauge invariant on its own and should be combined with the remaining bosonic contributions. 16 The δρ H term, although small in comparison to δρ top , has importance in measuring the deviation from custodial symmetry. The custodial symmetry in the Higgs sector corresponds to the limit g → 0, in which W + ,W − and Z form a triplet of an unbroken global symmetry, resulting from the following symmetry breaking pattern:
Beyond tree level, this remaining symmetry means that radiative corrections to the ρ parameter (ρ ≡
) as a result of the gauge and Higgs bosons must be proportional to
. Thus, the correction terms of δρ H in Eq. (4.8) have to be either small or disappear in the limit g → 0, and cannot contain a quadratic mass term of the Higgs. Protecting the ρ parameter from large radiative corrections is known as screening, which is a feature of the SM Higgs boson [35] . In other models with Higgs sectors comprising also other entities except doublets, however, this property does not necessarily hold [33] .
It is, therefore, useful to recast the precision parameter ∆r, so that its dependence on δρ is explicitly manifest [37] :
where ∆α accounts for the (leading) light-fermion logarithmic corrections to the photon vacuum polarization (therefore unchanged by new heavy physics), given by [33] :
∆r rem is the so-called "remainder" term which contains the remaining (typically smaller) contributions. In particular, in the SM ∆ rem 0.01, whereas the top quark contribution to ∆r from δρ is ∆r(top, SM ) = − SM in Eq. 4.8 and from a similarly structured term from ∆r rem , giving [36] :
The one-loop heavy fermion contribution to ∆r, is dominated by the top-quark contribution to δρ, i.e., δρ
SM in Eq. 4.7 (due to the large mass splitting within the top and bottom quark SU(2) doublet), ∆r also contains non-negligible logarithmic terms from the remainder term, ∆r rem , giving in total [36] :
Turning now to the LRSM, one can use a renormalization procedure analogous to the SM, in which (apart from the fermion masses, the CKM-like mixing parameters and the Higgs parameters), the following set of physical parameters is used as an input [38, 39, 40, 41, 42] : 13) so that, similar to the SM case, ∆r LR is also extracted from Eq. 4.3 with ∆r → ∆r LR . 17 .
In particular, in the LRSM we have:
where ∆α remains unchanged and is given in Eq. 4.10, ∆r LR,rem is the "remainder" term in the LRSM and ∆r heavy LR contains the dominant (oblique) contribution to ∆r LR from the heavy particles in the theory. In particular, the 1-loop oblique corrections from the top-quark, heavy neutrinos and Higgs particles where calculated in [38, 39, 40, 41] :
(∆r)
A few comments are in order regarding the above ∆r LR terms:
• The top-quark contribution in LRSM, (∆r) • The contributions from the Higgs particles in the theory is no longer screened by the custodial symmetry of the SM, so that a "dangerous" quadratic dependence on the Higgs masses emerges in LRSM, in particular, since low-energy flavor physics impose stringent bounds on the heavy Higgs sector, e.g., M H 0 1 10 TeV (see previous section). Nonetheless, here also, the Higgs contributions are suppressed by factors of O(v EW /v R ) 2 , keeping them consistent with PEWD (see below).
• The heavy neutrino contribution, (∆r) N LR , is quadratic in the heavy neutrino masses, but also suffers from a M
, it is still much smaller than the SM top-quark term.
In Fig. 3 we plot ∆r (1) LR , which consists of the sum of the dominant one-loop contributions in Eq. 4.14. The uncertainty here lies in ∆r LR,rem , which contains corrections from vertex and box diagrams that are expected to be sub-leading compared to the oblique corrections. Since the calculation of these type of 1-loop corrections is beyond the scope of this work and since, to the best of our knowledge, these terms were not calculated before, we will assume that ∆r LR,rem is an order of magnitude smaller than the oblique corrections, setting ∆r LR,rem = 0.01, i.e., similar in size to the SM remainder terms, , as a function of the mass ratio between the LRSM heavy-neutrino and the heavy charged gauge boson (W R ). The calculation is performed for two cases: i) the masses of the three heavy Majorana neutrinos are equal, M Ne = M Nµ = M Nτ , and ii) the heavy electron neutrino is heavier than the other heavy neutrinos: M Nµ = M Nτ = 0.2M Ne , and using the LRSM parameter set given in Appendix A. We also give the SM prediction ∆r SM (dashed line, in blue) and the experimental value ∆r exp (dashed line, in red). The 1σ and 2σ C.L. regions are explicitly indicated.
∆r rem 0.01. In this respect, we note that an O(0.01) shift to ∆r LR does not change the main results of this paper. Results for ∆r LR in Fig. 3 are displayed alongside the (one loop) SM value ∆r SM and the experimental value ∆r exp as obtained from Eq.(4.5).
Confidence levels for ∆r exp are calculated from experimental uncertainties of the input parameters (i.e., δM W , δM Z , etc...) and are also included in the plot; corresponding to 1σ (yellow region) and 2σ (green region). We see that ∆r LR vary in a smooth and monotonous manner, over an O(10 −3 ) range in the heavy (electron) neutrino mass range 0 ≤ M Ne M W R ≤ 1. As mentioned above, the top quark contribution (Eq.(4.15)) is small (of O(10 −5 )) due to the dependence on LR symmetry breaking scale (W R ) in the denominator. The heavy Higgs boson contribution (Eq.(4.17)) contains the LR scale both in the numerator and in the denominator (through mass dependency) and is, therefore, roughly flat with respect to M W R . For our benchmark parameter set, it gives to the dominant term in ∆r LR with a sign opposite to ∆α.
The evaluation of ∆r can also be translated into a theoretical prediction for the W-boson mass, and can, therefore, be used to further confront the experimental result. This can be done by solving Eq. 4.3 for M 2 W : In Fig. 4 we depict the theoretically calculated M W in the LRSM using the Eq. . We show the results for our main benchmark parameter set (BPS), used throughout this work (see Appendix A) as an example of representative Higgs spectra. We also included in Fig.4 
18 . The increased Higgs masses are associated with larger weak mixing angle, which may imply the necessity to fine-tune Higgs potential parameters. A possible way out of this undesired situation is to look for an underlying higher symmetry (e.g., GUT or SUSY) beyond the context of the LRSM (see also discussion in [5] ), that would more naturally restrict the Higgs parameters.
Finally, let us use the formalism of the oblique parameters S,T and U to examine whether the LRSM with our benchmark parameter set remains within the limit of the PEWD constraints. In this formalism (introduced by Peskin and Takeuchi [44] ) we use the above one-loop precision quantities as input. Interestingly, this can be done in a non-direct manner by using yet another alternative set of parameters, the ε 1,2,3 parameters, which are given by [45] : 19) where ∆k relates the precision observable sin 2 θ eff to the s 2 0 parameter:
with
The S, T and U parameters are then defined such that the SM contributions are subtracted from the ε parameters, and hence are denoted as S new T new and U new , re- 18 The increase of α 3 to 4.2 also leads to a larger mass of the right handed doubly charged Higgs δ ±± R , which increases by ∼ 3% spectively. They are given by [46] :
where 2 sin 
(4.24)
In , and compare the results with the experimental fit. We obtain that, for the current parameter setting (see Appendix A), the LRSM prediction for the 0 ≤ M Ne /M W R ≤ 1 range is in agreement with data in both the above cases.
The signal
In this section we will examine the production of the like-sign dilepton signal ± ± jj at the LHC, where for definiteness we will set the charged leptons l ± to be an electron and positron. Although the expected cross section is similar for the three lepton generation pairs (as opposed to the background which is unnecessarily the same), we choose to deal with electrons and positrons in order to correspond with former works related to this signal, see [9, 10] . For simplicity we also disregard mixing in the lepton sector, in agreement with a negligible intergenerational heavy neutrino mixing which was derived from the ratio between the lepton flavor changing processes µ → eγ and µ → eν µνe [7] . The like-sign lepton production proceeds through several channels, where in general they can be divided into s-channel processes and t-channel processes. In each channel there are two topological groups, which are characterized by processes mediated by a Majorana neutrino exchange and processes mediated by a doubly charged Higgs, respectively. The corresponding diagrams are depicted in Figs. 6 and 7.
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Within the range of masses used 22 , we find that the contribution from t-channel 21 For the sake of simplicity and without loss of generality, we will address the two positron channel, although our discussion applies for the sign-reversal channels leading to two electrons as well. 22 The dominant contributions to the processes considered arise from the diagrams with the right handed gauge boson W R , the three (heavy) right handed neutrinos N e,µ,τ and the "right handed" doubly charged Higgs δ ±± R . The diagrams involving other relevant particles, such as the "left handed" doubly charged Higgs δ ±± L or the singly charged Higgs H ± 2 are negligible since these particles have either zero coupling, as will be explained, or are much heavier. The relevant parameters of the LRSM (see Appendix A) are set subject to the constraints detailed in sec.3. In particular, the mass ranges considered are: W R of a few TeV, right handed neutrinos N e,µ,τ < W R and a doubly charged Higgs δ ++ R lighter than 1.5 TeV. We choose to scenarios for the heavy neutrinos mass spectrum: one in which all three heavy neutrinos are degenerate and another one, in which N µ and N τ are either lighter or heavier than N e . diagrams is negligible 23 , since the s-channel diagrams (as opposed to the t-channel one) can be divided into the production and the decay of the on-shell neutrino and doubly charged Higgs, respectively.
Doubly charged Higgs mediated diagrams
Focusing on the s-channel diagrams which, as mentioned above, give the dominating contributions to σ(pp → e + e + jj), we start by studying the possible diagrams in the doubly-charged Higgs mediated processes, examining first the channel which contains an s-channel W
The W L,R coupling to fermions is governed by the covariant derivative in the fermion-gauge interaction term in the Lagrangian
The left and right electroweak gauge couplings of the MLRSM considered here are equal, g L = g R ≡ g, leading to a significant production rate of the SM W L and the new heavy W R at the 14 TeV LHC. For instance, at an integrated luminosity of O(100) fb −1 a rate of 10 9 − 10 10 on-shell W L and O(10 4 ) on-shell W R (assuming W R = 3 TeV) are expected to be produced [48] . The coupling W
originates from the Higgs kinetic term (D µ ∆ R ) † D µ ∆ R , and is given by
Since we take the symmetry breaking scale, v R , to be a few TeV (so that W R is light enough to be observable at the LHC), the above coupling is significant. The corresponding cross section is, however also suppressed by inverse powers of the W R mass since it is exchanged via the s-channel.
Moving on to examine the relative partial widths and the branching ratios of the decay of the produced δ ++ R into two positrons, the coupling δ
23 the contributions stemming from the diagonal terms 24 for each t-channel diagram are at best of order of 10 −8 f b, which is too small to be detected at the LHC. In the same manner, the non-diagonal terms (i.e. the interference terms) of the t-channel diagrams were found to give negligible contributions. 24 For example, in a cross section composed of two possible amplitudes/diagrams σ ∝ |M 1 + M 2 | 2 , the contributions from the diagonal terms are
where the Yukawa matrix h M is (recalling the 6 × 3 CKM-type mixing matrix of the lepton-sector K R and the 6 × 6 neutrino diagonal mass matrix M ν , see for example [25] ):
Eq.(5.4) contains a ratio between heavy neutrino masses and the mass scale of the heavy gauge bosons. For instance, taking for simplicity a 2-generation basis, (ν e ν µ N e N µ ) (where ν and N are light and heavy neutrino, respectively) and neglecting neutrino intergeneration mixing, one obtains for the Yukawa electronelectron (or positron-positron) coupling 5) and similarly,
Assuming negligible mixing (K RN ee K RN µµ ) and for instance M Ne = M Nµ = M Nτ , this gives an equal branching ratio to flavor diagonal lepton pairs. This is to be compared with δ
L which can be implied from Eq.(5.2). In particular, replacing W R with W L forces one to suppress the coupling of the vertex by multiplying it with the squared W L − W R small mixing factor ξ:
Now, the fact that
and therefore Γ(δ
In the case of equal heavy neutrino masses:
. In the case of M Nµ = M Nτ = 0.2M Ne (and no mixing between the heavy neutrinos is assumed), the branching ratios are BR(δ 
The case where an s-channel W R "decays" via W
coupling which also originates from the Higgs kinetic term (
This diagram, however, also gives a negligible contribution to the δ ++ R production channel for several reasons: (i) the gauge eigenstate δ + R consists of a suppressed fraction of the physical (massive) Higgs eigenstate H + 2 :
Since, as mentioned above, v R k 1 , k 2 , the coupling to the physical charged Higgs is therefore suppressed compared to the W
coupling (which is proportional to v R ), (ii) the mass of the physical particle H
For the parameters we use in this work (see Appendix A) we have M ± H 2 ∼ 1.3M W R which further reduces the kinematical viability of the processes involving H ± 2 , (iii) the Yukawa coupling of the physical H ± 2 to the quarks is proportional to the quark masses, which for the light quarks (our case) is small compared to the coupling g of the charged gauge bosons to light quarks (again, suppressing this channel).
In the case of an s-channel singly charged Higgs "decaying" via φ 12) which gives rise to the following φ
The VEV v L originates from the left-handed Higgs triplet and, as described in [17] , vanishes due to the combined constraints which originate from the scalar potential minimization conditions and its explicit CP conservation. Moreover, the β i parameters are set to zero in the MLRSM in order to reduce the mass scale of the non-SM gauge bosons and thus to theoretically allow possible observation at the LHC. This diagram is therefore also negligible.
Switching from the right handed doubly charged Higgs δ ++ R production to the production of its left-handed counterpart δ
For this process we need to consider the interaction vertex of two gauge bosons and the doubly charged Higgs δ 14) which is again proportional to v L , and thus its contribution vanishes in the framework of the MLRSM. As opposed to the δ We therefore conclude that the dominant diagram involving the decay of a doubly charged Higgs to leptons is diagram (a):
Majorana neutrino mediated diagrams
We consider below the (Majorana) neutrino mediated processes, which are characterized by a Drell-Yan production of W L,R boson which decays through a right handed heavy electron neutrino N e .
(a) ud → W
Let us first consider the case of an s-channel W R production, followed by a decay to a positron and a right handed (on-shell, massive and lighter) electron-neutrino N e , which in turn decays through W R to a second positron and two jets. The coupling of the produced W R to the relevant fermions is not suppressed (as opposed to the alternatives below), and W R is dominantly on-shell in the mass range considered here. With nothing to suppress its occurrence 25 , this diagram will turn out to give the dominant contribution among the neutrino mediated diagrams. We also point out that the produced N e , although mostly right-handed, can decay substantially through both left handed and right handed W bosons, as explained below (see 5.2.1).
Another possible Drell-Yan production which contributes to the neutrino mediated signal is the s-channel production of the SM W L which is part of the left-chiral 25 For a discussion about the Majoran neutrino-charged lepton coupling, ∓ is suppressed, because an on-shell light neutrino cannot decay to a positron plus jets. The contribution of this diagram is therefore negligible.
While the couplings involved in the Drell-Yan production of a gauge boson originate through the covariant derivative in the kinetic terms of the fermions, in the case of the singly charged Higgs Drell-Yan production the Yukawa coupling involved is, again, proportional to the masses of the light quarks, and thus negligible compared to the gauge coupling g. Moreover, since the singly charged Higgs fields (i.e. the fields φ ± 1,2 , see Appendix B) are composed of a very massive physical particle (H ± 2 ) of O (10) TeV (in the mass range considered in this work), its Drell-Yan production has a negligible contribution to our signal.
We therefore conclude that the dominant contribution to our signal from the neutrino mediated diagrams comes from diagram (a):
The heavy neutrino decay
As mentioned above, the produced heavy neutrino N e (which is mostly right handed) can decay to a positron and two jets via W R , W L or a singly charged Higgs, i.e.
→ jj. The dominant decay is carried out via N e → e ± W ∓ R → e ± jj for the same reason as before: the coupling of the right handed charged current N e e ± W ∓ R is by far dominant compared to the couplings of the alternative decay channels (i.e. N e e ± W ∓ L and N e e ± φ ∓ 1,2 ). Furthermore, the heavy neutrino decay via the singly charged Higgs is extremely small, as the mass of the singly charged Higgs is of O(10) TeV (see also Eq. (5.11) ). For instance, setting the parameter of the Higgs potential to α 3 = 4 (in light of the above described bound on the neutral Higgs mass) leads to a lower bound of M W R ≥ 2.4 TeV and, thus, the branching ratio of a heavy neutrino decay N e → H ∓ 2 e ± → jje ± upon setting e.g. M N = 2 TeV is of O(10 −19 ). The relative weight of the neutrino decay through W L is determined by the interplay between the small coupling of the left handed charged current N e ± W ∓ L on one side and the enhancement due to the on-shell formation of W L (which is lighter than N e ) on the other side. Figure 8 presents the branching ratios of the right handed electron neutrino to an on-shell W L plus electron/positron and to a three body final state through an off-shell W R (set as 4.5 TeV). 26 In the figure, the three body decay of N e through W R is directly related to the mass of N e . The increasing N e mass also reduces the M ν (light neut.)/M N (heavy neut.) coupling of the charged current N e ± W ∓ L , thereby decreasing the W L decay channel.
The case of equal neutrino masses
The cross section of the two like-sign leptons plus two jets signal, e ± e ± jj, for the case of degenerate heavy neutrinos is shown in figure 9 . The Majorana neutrino mediated processes are clearly dominant in the lighter neutrino mass range (M Ne 0.7M W R ). However, as the neutrino mass increases, the branching ratio of W R → N e e decreases due to phase-space, causing a monotonic reduction in the cross section. The influence of the varying neutrino mass on the doubly charged Higgs mediated process is more complex. As shown before, the expression for the Yukawa coupling of the doubly charged Higgs to a pair of charged leptons depends on the heavy neutrino masses and the right handed lepton CKM-type mixing: Production cross sections for pp → e ± e ± jj + X process at the 14 TeV LHC. The masses of the three right-handed Majorana neutrinos are identical.
As a result, the Higgs-lepton coupling is directly related to the neutrino mass (see also Eq.(5.5)). This also leads, however, to a larger decay width of δ and, therefore, harder to detect.
Non-equal neutrino masses: two benchmark cases
In general, the masses of the right handed neutrinos should not necessarily be identical. In order to investigate additional degrees of freedom, we examine two more benchmark cases with M δ ++ R = 500 GeV: (i) M Nµ = M Nτ = 0.2M Ne and (ii) M Nµ = M Nτ = 2M Ne . The results of case (i) are shown in figure 10 . The dominance of the N e mediated channel is again evident in the lower neutrino mass range. However its cross section turns out to be slightly lower than in the equal masses case, since the two other right handed neutrinos (i.e. N µ and N τ ) are now lighter, which implies a larger W R decay width into these neutrinos and, therefore, a smaller BR to decay to an on-shell N e . Moreover, the contribution of the δ ±± R mediated channel turns out to be ∼ 2.5 times stronger than in the equal masses case. This results from the change in the decay channels of δ ±± R , which in this case decays mainly to e ± e ± since its coupling to the other charged leptons become substantially weaker (see discussion leading to Eqs. is increased from 0.19 in the equal masses case to 0.48 in the current case.
The results of case (ii) are shown in figure 11 , where the mass range of the neutrino stems from the restriction of Eq.(3.1), which implies an upper bound in the setting of case (ii): M Ne 0.5M W R . The main difference from the former cases is that the lower allowed mass range prevents the N e mediated channel from rapidly decreasing when 
Background analysis and realistic sensitivity estimates
The SM processes which have to be considered as a potential background for the two positron plus two jets signal are those which contain at least two positrons and two jets in the final state. The leading background processes turn out to be (see also [9] )
These processes do not violate lepton number and therefore contain an additional electron/positron and/or neutrinos in the final state. For instance, the W Z production shown in figure 12 contains two positrons and two jets, but also two neutrinos, and thus its final state contains missing energy, as opposed to the signal. In order to correspond with former works [9, 10] we used the implementation of our model into the CALCHEP [49] and MADGRAPH [50] softwares. We used Pythia [51] for the shower, fragmentation and hadronizations.
The K-factor for the signal was calculated using FEWZ 2.1 [52] to be around 1.3 in the M W R = 2 − 7 TeV range. The K-factor for the background processes was taken to be 1.4 [53] .
We selected events with two isolated electrons and at least two jets in the final state, using some basic detector cuts on the pseudorapidity (|η| < 3) and on the transverse energy (p T > 5 TeV). We used PGS [54] with the LHC card for the detector simulation. The efficiency of the signal event selection for M Ne /M W R = 0.1, 0.5, 0.9 (and M W R = 3 TeV) is given in table 2 for both the Majorana neutrino mediated and the doubly charged Higgs mediated channels. The relatively low efficiency value in the case of M Ne /M W R 1 follows from the fact that for such low values of M Ne compared to M W R , N e is highly boosted, leading to difficulties in separating its decay products in the detector. This effect is absent from the Higgs channel, where the masses of the participating particles are the same for different values of M N e .
In order to reduce the background without considerably affecting the signal, the following cuts were applied: Figure 12 : An example of the SM background process pp → W Z → e + e + jj + missing energy to the like-sign dileptons plus two jets signature; the process contains missing energy, unlike the signal.
. = 500 GeV, 700 GeV).
• Each of the two jets is required to have E T > 100 GeV,
• The invariant mass of the ee system is required to be larger than 200 GeV,
• The missing transverse energy does not exceed 100 GeV.
In figure 13 we present the like-sign dilepton signal and compare it to the SM background. In the three panels of the figure we plot the number of events as a function of the invariant masses of e ± e ± jj, e ± jj and e ± e ± , corresponding to the reconstruction of the three masses of W R , N e and δ ±± R , respectively (see also figure 6 ). It is evident from these figures that this process has practically zero background in the signal region of each of the three mass searches, and the signals of W R , N e and of δ ±± R are very distinct and within the LHC discovery limits.
We can now determine the sensitivity of the LHC to our signal by comparing the signal events which passed the above selection criteria and cuts to the corresponding = 500 GeV). The excluded area (see [55] ) is a result of searching an excess of like-sign dilepton events with respect to the LRSM in the case of degenerate neutrino masses at the 8 TeV LHC.
data-taking at low luminosity of 30 fb −1 , the discovery reach approaches 4.1 TeV for the W R and 2.9 TeV for the N e (with an insignificant excess, below 4%, in the reach of the N e mediated channel due to the contribution from the δ ±± R mediated channel). After data-taking at high luminosity of 300 fb −1 , the discovery limits grow to 5.2 TeV and 3.6 TeV for W R and N e , respectively, when considering only the N e mediated channel. Accounting also for the δ ±± R mediated channel contribution, those limits slightly grow further, approaching 5.3 TeV and 4 TeV for W R and N e , respectively. Due to the the (above discussed) difficulty to separate between highly boosted neutrinos at lower M Ne /M W R ranges, the lower M Ne discovery limit is elevated by up to ∼ 25% in the higher W R mass range, where the cross section is lower in general, and changes more moderately as a function of M Ne (the δ ±± R mediated channel enhances the signal in that region by a tiny measure). In the higher range of M Ne /M W R the effect of the δ ±± R compensates the decline in the N e channel and thereby enhances the signal by up to 10%.
In general, for a given M δ ±± R , the effect of the δ ±± R channel is stronger for a larger BR(δ in order to estimate a higher mass limit for δ ±± R , beyond which its contribution cannot be observed in the σ(pp → e ± e ± jj) signal. Assuming the absence of background events in the signal region (see the discussion above) one can infer from the cross section in figure 15 that, for a luminosity of 300 fb −1 and for an assumed signal efficiency of 30%
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(see also [55] ), the contribution from the doubly charged Higgs process at the limit of M δ ±± R 1.3 TeV decreases below the limit of Eq.(5.16), reducing the effectiveness of this contribution.
Summary
The importance of the manifest/quasi manifest left-right symmetric model lies mainly in the fact that it restores parity symmetry at higher energy scales and provides a natural setup for the observed neutrino oscillations phenomena, based on the see-saw mechanism. Within the framework of this model we investigated the signal of like-sign dileptons and two jets, pp → e ± e ± jj + X, at the LHC. We examined the dominant diagrams of this process and their behaviour as a function of the relevant physical parameters (i.e. mass, coupling, mixing, decay width). We calculated the cross sections of the signal for a number of benchmark cases, demonstrating the relative contribution of the two dominant diagrams, i.e. the two s-channel diagrams consisting of the Majorana neutrino (N e ) and the doubly charged Higgs (δ ±± R ) mediated diagrams. We showed that, while the δ ±± R contribution becomes more dominant as the mass of the right handed gauge boson W R grows, still the overall process becomes weaker.
We used the benchmark case of three degenerate heavy neutrino masses M Ne = M Nµ = M Nτ (and a doubly charged Higgs mass of M δ ±± R = 500 GeV) in order to demonstratethe practically zero background in the signal region of the W R , δ ±± R and N e mass searches, and the expected positive prospects for the reconstruction and discovery of these particles at the LHC. In particular, it was shown that, for the integrated luminosity of 30 fb −1 the W R boson and the right handed neutrino N e can be observed if M W R and M Ne are lighter than 4.1 TeV and 2.9 TeV, respectively. The contribution of the δ ±± R in this case is below 4%. For the high luminosity case of 300 fb −1 , the discovery range can be further pushed to 5.2 TeV for M W R and 3.6 TeV for M Ne upon considering only the N e mediated diagram, and to 5.3 TeV for M W R and 4 TeV for M Ne when adding the δ ±± R contribution. We pointed out that, with a luminosity of 300 fb −1 , the maximal sensitivity of the e ± e ± jj signal to δ ±± R is obtained for M δ ±± R 1.3 TeV (this bound, taken for an assumed value of M W R = 3 TeV, can be lower for higher values of M W R ). Beyond this limit, the contribution of the δ ±± R channel becomes too suppressed to be observed. Complementarily to directly estimating the observability of an LRSM signal, we also examined the leading one-loop effects of the LRSM on the electroweak precision quantities ∆r LR and δρ LR . We showed that, for the benchmark parameter space used The corresponding eigenvalues/masses are given, e.g., in [25] . The non-physical Higgs fields may be written in terms of the above eigenstates as follows (the φ 
